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Reconstructed cell fate-regulatory programs in stem
cells reveal hierarchies and key factors of neurogenesis
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Saleem, Michele Lieb, Aurelie Godel, and Hinrich Gronemeyer
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Moléculaire et Cellulaire, Centre National de la Recherche Scientifique, UMR7104, Institut National de la Santé et de la Recherche

Meédlicale, U964, Université de Strasbourg, lllkirch, France

Cell lineages, which shape the body architecture and specify cell functions, derive from the integration of a plethora of cell
intrinsic and extrinsic signals. These signals trigger a multiplicity of decisions at several levels to modulate the activity of
dynamic gene regulatory networks (GRNs), which ensure both general and cell-specific functions within a given lineage,
thereby establishing cell fates. Significant knowledge about these events and the involved key drivers comes from homoge-
neous cell differentiation models. Even a single chemical trigger, such as the morphogen all-trans retinoic acid (RA), can
induce the complex network of gene-regulatory decisions that matures a stem/precursor cell to a particular step within
agiven lineage. Here we have dissected the GRNs involved in the RA-induced neuronal or endodermal cell fate specification
by integrating dynamic RXRA binding, chromatin accessibility, epigenetic promoter epigenetic status, and the transcrip-
tional activity inferred from RNA polymerase Il mapping and transcription profiling. Our data reveal how RA induces
a network of transcription factors (TFs), which direct the temporal organization of cognate GRNs, thereby driving neuro-
nal/endodermal cell fate specification. Modeling signal transduction propagation using the reconstructed GRNs indicated
critical TFs for neuronal cell fate specification, which were confirmed by CRISPR / Cas?-mediated genome editing. Overall,
this study demonstrates that a systems view of cell fate specification combined with computational signal transduction mod-
els provides the necessary insight in cellular plasticity for cell fate engineering. The present integrated approach can be used

to monitor the in vitro capacity of (engineered) cells/ tissues to establish cell lineages for regenerative medicine.

[Supplemental material is available for this article.]

The life of cells in multicellular organisms is directed by dynamic
gene programs, which guide and define lineage progression from
pluripotent to differentiated states through series of temporal deci-
sions. Knowledge of these programs and decisions reveals not only
how cells acquire physiological functionalities, it also provides key
information for therapy, as deviations from this blueprint can lead
to disease. Moreover, the possibility to interfere with cell program-
ming by treating stem cells or reprogramming somatic cells may
generate specific autologous cell types for regenerative medicine
in a personal medicine context.

Cell lineages derive from series of subsequent programming
decisions. Cell differentiation models, particularly those where
the series of transitions within a lineage is initiated by a single
chemical trigger like all-frans retinoic acid (RA), significantly facil-
itated the study of cell fate acquisition. The use of RA (rather than
complex culture conditions) as a defined trigger of regulatory
events is essential to elucidate the dynamically regulated “down-
stream” gene networks. In this context, our study of F9 embryo car-
cinoma (EC) cells provided a first detailed view of RA-induced gene
program diversification through a plethora of regulatory decisions
(Mendoza-Parra et al. 2011).

EC cells can differentiate into all three primary germ layers
(Soprano et al. 2007). While F9 cells differentiate into primitive en-
doderm when treated with RA in monolayer, parietal or visceral
endodermal differentiation is observed when RA is either comple-
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mented with cyclic AMP or when cells are cultured as embryoid
bodies in suspension. P19 EC cells differentiate into either skeletal
muscle or neuronal cell types upon treatment with dimethlysulf-
oxide or RA, respectively. Thus, RA can induce cell fate commit-
ment toward two distinct primary germ layers. However, the
temporal evolution of the corresponding gene programs and the
regulatory mechanisms remained elusive.

RA signaling is initiated by its binding to retinoid receptor
heterodimers (RAR/RXR), members of the nuclear receptor (NR)
family of ligand-regulated TFs (Laudet and Gronemeyer 2002).
Upon ligand binding, RAR/RXR recruits coactivator complexes
leading to the transcriptional activation of target genes (TGs)
(Gronemeyer et al. 2004; Rosenfeld et al. 2006). The complexity
of the RA signaling is largely increased by the expression of three
RXR and three RAR isotypes (alpha, beta, and gamma), as each
RAR/RXR combination could regulate cognate gene programs
(Chiba et al. 1997). Interestingly, particular isotype-selective RAR
ligands (Alvarez et al. 2014) induced specific cell fate transitions:
F9 cells show similar morphological cell differentiation pheno-
types when treated with RA or the RARG-selective ligand
BMS961, but not with the RARA-selective ligand BMS753. In con-
trast, in P19 cells BMS753 and RA induce the same morphological
differentiation, while BMS961 has no such effect (Taneja et al.
1996). These observations strongly support a critical role of RAR
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isotypes in the establishment of different A
cell fate commitment processes.

Given that RARA/G isotypes are
expressed similarly in both EC cells
(Supplemental Fig. S1), we reconstructed
the dynamics of GRNs that are at the
basis of the cell fate decisions in F9 and
P19 cells by characterizing common
and cell-specific RA-induced gene pro-
grams (Supplemental Fig. S2). We sub- 2 &
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Results

RA induces both common and cell fate-
ope . P19/F9 common
specific programs in F? and PI9 cells (494 genes)

As RA induces a neuronal cell fate of P19
cells, while driving endodermal differ-
entiation of F9 cells, we first defined
common and cell-specific RA-induced Fo-specific
programs in these models. We used pre- (556 genes)
viously established monolayer cultures
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by RARA by using RAR isoform-specific ~ Figure 1. Common and specific RA-induced differentiation programs characterized in F9 and P19 em-
agonists (Supplemental Fig. S3A). Neuro- bryonal carcinoma cells. (A) Scatterplot illustrating transcriptome changes in F9 and P19 EC cells at dif-

nal cell fate commitment was confirm-

ferent time points during RA-induced differentiation. Gene expression levels relative to the
undifferentiated state were classified as common, EC-specific, or not differentially expressed, based on

ed by the induction of neurogenin 1 3 defined fold change threshold (up-regulated genes, fold change > 1.8; down-regulated genes, fold
(Neurogl) and Neurodl (Supplemental change<0.5) at a given time point. (B) Differential gene expression levels in both model systems were
Fig. S3B). Analysis of the global tran- used for computing the number of differentially regulated genes (y-axis) at various time points covering

scriptome changes during P19 cell differ-

the first 72 h of RA treatment (x-axis). DEGs were classified as either commonly or cell-specifically ex-
pressed. This classification takes into consideration the gene expression response over all evaluated

entiation revealed a previously reported  time points, in contrast to A, where a classification per time point is performed. (C) Temporal changes
progressive increase of differentially ex-  in transcriptional expression in either F9 or P19 EC cells are displayed for common and cell type-specific

pressed genes (DEGs) (Wei et al. 2002). ~ genes. Relevant GO terms per common or cell type-specific group of genes are displayed.

Indeed, after 2 h of RA treatment, only

51 genes showed an induction of >1.8-

fold, while >1000 were induced after 72 h (Supplemental Fig. S4).
A comparison of the temporal transcriptome changes during

endodermal F9 (Mendoza-Parra et al. 2011) and neuronal P19 cell

differentiation revealed that >60% of genes are commonly regulat-

ed in both celllines, albeit with different kinetics in some cases (Fig.

1). F9 cells present a higher number of DEGs in the first hours of RA

treatment (Fig. 1A), but most of these early responders are also ob-

served in P19 cells at later time points. In keeping with the progres-

sive expression of the differentiated phenotype, divergent cell type-
selective gene expression increased toward later time points, such
that at 72 h, only <30% of the genes differentially expressed in
P19 were similarly regulated in F9 cells (Fig. 1B). Gene Ontology
(GO) analysis classified the commonly RA-regulated genes as in-
volved in retinoid binding or cell fate commitment. Among them
were classical RA-induced genes (e.g., Rarb, Cyp26al, or Hoxal),
while pluripotency factors were down-regulated (Fig. 1C). As
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expected, P19-specific RA-induced genes are enriched for GO terms
like neuronal fate commitment, while down-regulated genes are
enriched for terms like endoderm or mesoderm development and
stem cell maintenance, which are repressed during neuronal cell
fate acquisition.

Chromatin state dynamics during neuronal and endodermal
differentiation correlate with gene coexpression patterns

While the above transcriptome profiling revealed the RA-induced
changes, an understanding of the corresponding regulatory
mechanisms requires additional analyses of the RA-modulated
key players and the information on epigenome and chromatin
structure changes. To this end, we mapped RXRA binding sites
to identify cognate TGs and complemented this readout with
the characterization of epigenetic marks indicative for active and
repressed transcription, open chromatin regions, and RNAPII
binding at regulated genes. Our combinatorial analysis of the
generated data sets demonstrated the existence of genomic re-
gions preferentially enriched for repressive marks (H3K27me3), bi-
valent/poised (H3K27me3 and H3K4me3), or active promoter
regions (H3K4me3 and/or RNAPII), but also for candidate enhanc-
er regions where open chromatin sites co-occurred with RXRA
binding (Fig. 2A).

An example of the temporal connection between these vari-
ous regulatory events is the HoxA cluster, where the progressive
loss of the repressive H3K27me3 mark during RA-induced differen-
tiation both in P19 and F9 cells correlates with a gain in FAIRE,
RXRA, and RNAPII enrichment patterns (Fig. 2B). These progres-
sive changes of chromatin accessibility/TF association and gain
of marks for active transcription with concomitant loss of “repres-
sive” marks correlated with the collinear mechanism for transcrip-
tion activation of Hox genes, previously described in other systems
(Kashyap et al. 2011; Montavon and Duboule 2013).

To evaluate the coherence between epigenetic status and
transcriptional activity, temporal transcriptomes were analyzed
in the context of gene coexpression paths with the Dynamic
Regulatory Events Miner (DREM) (Ernst et al. 2007). This analysis
gave rise to a total of six coexpression paths (Mendoza-Parra et al.
2011) for the endodermal differentiation and 10 coexpression
paths for the neuronal cell fate acquisition (Fig. 2C).

Assuming that genes with similar temporal expression pat-
terns share common temporal alterations of epigenome and
RNAPII recruitment patterns, we assessed the enrichment of
H3K27me3, H3K4me3, and/or RNAPII at the promoter regions of
genes differentially expressed in both model systems and dis-
played it in a coexpression path context. To accurately define tem-
poral enrichment patterns, we first normalized the ChIP-
seq profiles using a novel two-step normalization procedure
(Supplemental Methods; Supplemental Fig. S5).

We observed in general a positive correlation between the
temporal evolution of gene coexpression paths and normalized
H3K4me3 and RNAPII enrichment patterns at promoter regions
of concerned genes, while a negative correlation was seen with
the repressive H3K27me3 mark (Fig. 2D). Given the presence of
both common and endodermal (F9)/neurogenesis (P19)-specific
gene programming in each path, we analyzed these programs
separately (Supplemental Fig. S6). As expected, the evolution of
the chromatin states of gene promoters from the common pro-
gram was highly similar in F9 and P19, while the states of fate-
specific programs showed significant temporal divergence. In
coexpression paths with a similar epigenetic landscape in both

cell lines (path1 in F9; path1, 2, and 4 in P19), RA induction led
to a temporal increase in the ratios of “active” over “repressive”
chromatin in a F9/P19-specific manner, coinciding with increased
gene expression.

In contrast, genes of other paths showed already in the non-
induced state distinct epigenetic and/or RNAPII association char-
acteristics (paths2, 4, and 5 in F9; path3 and partially path1l in
P19 cells). Paths composed of genes gradually repressed during dif-
ferentiation in an endodermal (F9)/neurogenesis (P19)-specific
manner frequently gained in “repressive” chromatin (path9/10
of P19 cells; path6 in F9 cells). Importantly, the temporal evolu-
tion of specific genes fully reflected the global promoter character-
istics within these paths, as for the commonly regulated Rarb or
Pou5f1 and the P19-specific Neurogl or Tal2 gene promoters
(Supplemental Fig. S7).

Altogether, these data support the concept that RA-induced
common and fate-specific temporal changes in gene programming
closely correlate with changes in the ratios of “active” and “repres-
sive” chromatin marks at the cognate promoter regions.

Dissection of common and divergent target gene programming
in neuronal and endodermal lineage-committed cells by RAR
isotype-specific ligands

To identify core GRNSs for the cell fate transitions, we established
P19 transcriptomes after treatment with RAR subtype-specific ago-
nists. Gene coexpression paths were nearly identical for the RARA-
specific agonist (BMS753) and RA (Fig. 3A), in keeping with the
common induction of a neuronal fate (Supplemental Fig. S3).
No such effect was seen with RARB or RARG-specific agonists
(Fig. 3A; Supplemental Figs. S8, S9). In F9 cells, both RA and the
RARG agonist (BMS961) induced endodermal differentiation, as
revealed by corresponding gene expression changes (Supplemen-
tal Fig. S8; Mendoza-Parra et al. 2011). Despite the similar response
kinetics of RA and BMS753, the RARA agonist did not regulate the
same number of genes as RA, suggesting that only a fraction of the
RA responsive genes in P19 cells is required for phenotypic differ-
entiation. Apparently, the BMS753-regulon corresponds to a min-
imal regulatory network, but the regulatory input of RA is more
complex and extends beyond known differentiation features.

To reveal the direct RAR-RXR heterodimer TGs, we compared
the proximal binding of RXRA (<10 kb distance) and the co-occur-
rence of open chromatin regions with RA or RAR subtype-specific
agonist-regulated genes. From 695 RA-induced genes with FAIRE
and RXRA sites in proximity, 44% responded to BMS753 but
<2% to BMS961 or BMS641 (Fig. 3B). A similar analysis for F9 cells
showed that from 327 RA-up-regulated genes displaying FAIRE
and RXRA sites in proximity, about half (166 genes) responded
also to the RARG-specific agonist BMS961, while significantly
less (~25% and <4%) responded to RARA or RARB agonists, corrob-
orating our previous findings (Mendoza-Parra and Gronemeyer
2013). Together, our results provide a complete gene regulatory
framework accounting for the observations (Taneja et al. 1996)
that RARA triggers neuronal differentiation of P19, while RARG in-
duces endodermal differentiation of F9 cells.

To link the appearance of FAIRE and RXRA sites to transcrip-
tion activation, we classified genes according to their temporal in-
duction during RA or BMS753 treatment and proximal FAIRE and
RXRA co-occurrence (SOTA, self-organization tree algorithm) (Fig.
3C; Supplemental Fig. S10). This methodology classified the tran-
scriptional activation of P19 genes in six temporal patterns.
Importantly, each class of the RA-induced P19 RXRA target genes
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candidate states were inferred: repressed, bivalent or active promoter, and enhancer-related states. This classification is supported by their functional en-
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vealed by the profiling of the RNAPII. (C) Stratification of the temporal transcriptome profiling during RA-induced F9 (upper panel) or P19 cell differentiation
(lower panel) in gene coexpression paths, accompanied by relevant bifurcation points (pink circles). Numbers of genes composing each of the coexpression
paths are displayed (right). (D) Dynamics of promoter chromatin states during RA-induced F9 (upper panel) or P19 cell differentiation (lower panel). Gene
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are also displayed (“Diff Gene expression”; green). The y-axis corresponds to the average relative enrichment level derived from Epimetheus normalization
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poral SOTA classification of P19 genes positive for RXRA binding, and/or display altered chromatin structure (FAIRE-seq), and/or are induced in response to
RA. This classification gave rise to the identification of six classes of genes with different temporal induction patterns (Supplemental Fig. S5). (D) Number of
DEGs F9 or P19 cells commonly regulated by RA and BMS753 or RA and BMS961 and presenting a proximal FAIRE and RXRA binding site, stratified for the
cell-specific (P19, F9) and common programs. (E) RT-qPCR revealing the temporal RA-induced mRNA expression profiles of bona fide RA target genes. (F)
FAIRE-seq, RXRA, and RNAPII ChiP-seq profiles for the factors assessed in E. Rarb, Gbx2, and Tal2 are early responding genes, while Asc/T gets significantly
induced only after 24 h of RA induction. (G) Immunofluorescence micrograph of wild-type and CRISPR/Cas9-inactivated Tal2 or Gbx2 P19 cells after 96 h of
RA treatment. Cells were stained for the neuronal markers TUBB3 (red) and MAP2 (green); nuclei were stained with DAPI (blue). Gbx2-inactivated cells
present a lower frequency of double-stained TUBB3/MAP2 cells and shorter axon-like extension than Tal2-inactivated or wild-type cells.
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contains a great number of genes that are equally induced in F9
cells, irrespective of the divergent cell fate acquisition (Fig. 3D;
Supplemental Fig. S10). Among those are not only early induced
prototypical TGs, like Rarb (Fig. 3E,F), Foxal (Tan et al. 2010;
Mendoza-Parra et al. 2011), and Hoxal, but also late-induced direct
TGs, such as Pbx1, Pbx2, Cdh2, Sox6, and Sox11 (Supplemental Fig.
$10). This shows that, despite significantly advanced divergent dif-
ferentiation, RA still continues to induce an identical subset of TGs
irrespective of endodermal or neuronal differentiation.

As expected, the P19-specific direct RXRA targets comprise
factors involved in neurogenesis, mostly expressed at late time
points during differentiation (Ascl1 [Fig. 3E,F; Voronova et al.
2011; Huang et al. 2012, 2015]; Gata3 [Martinez-Monedero et al.
2008]). Interestingly, however, the expression of some P19-specific
TGs was already affected during the first hours of RA-treatment,
among them, the TFs Gbx2 (Bouillet et al. 1995; Inoue et al.
2012; Nakayama et al. 2013), and Tal2, which is essential for mid-
brain neurogenesis (Achim et al. 2013) and contains an intronic
RA response element (Kobayashi et al. 2014, 2015). We identified
two additional RXRA binding sites proximal to Tal2—a constitu-
tive RXRA binding site ~3 kb downstream from the coding region
and a second site upstream of the transcription start site (TSS) (~5
kb), which is similarly occupied in the absence of ligand but per-
sists only until 6 h after initiating RA treatment (Fig. 3F).

To evaluate the importance of TAL2 and GBX2 for RA-in-
duced neuronal commitment, we used CRISPR/Cas9-mediated
gene inactivation (Supplemental Fig. S11A). Tal2-gene inactiva-
tion did not impair the expression of other neuronal-specific
factors like ASCL1, NEUROD1, POU3F4, or NEUROG1 (Supple-
mental Fig. S11B). In contrary, Gbx2-inactivation reduced their
expression severely, suggesting that GBX2 rather than TAL2 is a
critical mediator of RA-induced neuronal commitment. This has
been further supported by immunohistochemical analysis of the
neuron-specific tubulin, beta 3 class III (TUBB3) and the micro-
tubule-associated factor MAP2 (Fig. 3G; Supplemental Fig. S9), as
RA induction of Gbx2-inactivated cells resulted in dramatically re-
duced numbers of TUBB3 and MAP2-stained cells, concomitantly
with a major reduction of axonal extensions.

A network of TFs drives cell fate lineage decisions

The above integrative approach identified direct RXRA TGs, seve-
ral of which are TFs. Conceptually, these genes could initiate
TF-guided signal transduction cascades, ultimately generating
the differentiated phenotype. To identify TFs relevant for the RA-
induced neuronal fate of P19 cells, we established DREM-predicted
coexpression paths (Fig. 2C). DREM evaluates the enrichment of
coexpression paths for TGs associated with given TFs retrieved
from TF-TG collections (Fig. 4A). Indeed, correlating RXRA bind-
ing/FAIRE site annotations with DREM-based gene coexpression
analysis revealed the presence of RA target genes in the early
path1-5, compliant with the inductive role of RXR-RAR hetero-
dimers (Fig. 4B).

To identify additional relevant TFs, we reconstructed the
RA-induced TF-TG networks involved in neuronal (P19) and endo-
dermal (F9) differentiation by integrating the GRN interactions
that constitute CellNet (Morris et al. 2014) into the DREM analysis
(Fig. 4A). We identified multiple TFs associated with several coex-
pression paths but also path-specific TFs (Fig. 4C). Several of them
were differentially expressed upon exposure to RA or RARA-specific
agonists, supporting a direct implication in the predicted bifurca-
tion (Fig. 4D). The negatively regulated coexpression path 10 asso-

ciated with the self-renewal and pluripotency factors NANOG,
POUSF1, ZFP42, SOX2, or SALL4 or with GBX2 and OTX2, TFs
expressed very early during neuroectoderm development (Millet
et al. 1999). Note that RA induction of GBX2 negatively regulates
the expression of OTX2 in the anterior brain (Li and Joyner 2001;
Inoue et al. 2012), corroborating their inverse expression patterns
(Fig. 4D). Similarly, the early induced path1 is enriched for homeo-
box TF (HOXB1, HOXD1)-TGs but also for targets of ASCLI,
OLIG2, and POU3F4, which are specifically expressed in neural tis-
sues and, moreover, impose a neuronal fate on MEFs (Vierbuchen
etal. 2010). Furthermore, the intermediate to late-induced path4 is
enriched for MEIS2, PBX1, TBX2, or HOXA1, the latter being es-
sential for neuronal commitment of mouse embryonic stem cells
(Martinez-Ceballos and Gudas 2008). Integrating the CellNet TF-
TG regulatory network information into the endodermal differen-
tiation model (F9) revealed a set of TFs specifically involved in en-
dodermal gene programming (“F9-specific”) (Supplemental Fig.
S12). However, we found a surprisingly large number of TFs that
are commonly involved in both RA-induced endodermal and neu-
ronal differentiation. A comparison of the GRNs inferred from
these analyses is provided below.

Generation of comprehensive RA-driven signal transduction
networks for neuronal and endodermal cell fates

To provide a comparative view of the signal transduction cascades
driving the differential cell fates induced by RA in F9 and P19 cells,
we integrated the CellNet TF-TG relationships (Morris et al. 2014),
complemented by direct RA target and DREM analysis data, result-
ing in the reconstruction of a comprehensive GRN (2981 nodes,
44,931 edges) (Fig. 5A; Supplemental File ST1). Two major nodes
(blue squares) represent the initial RXRA/RAR signal interpreter
in P19 or F9 cells. Each of them is associated with its direct targets
of the common or fate-specific programs.

As CellNet was established using different cell types, it com-
prises also TF-TG interactions that are irrelevant for RA-dependent
gene regulation. To exclude such interactions, we developed a
computational approach that evaluates the coherence of the TF-
TG relationships with the temporal evolution of transcription ac-
tivation (Fig. 5B). Specifically, all interconnections from nodes
not differentially expressed or originating from nodes not related
to the initial cue were excluded, reducing the reconstructed GRN
to 1931 nodes and 11,625 edges. The temporal evolution of com-
mon and fate-specific networks is evident from the superposition
of RA-dependent gene expression patterns at the first four time
points of the reconstructed GRN (Fig. SC; Supplemental File S1)
and from the increasing fraction of transduced nodes for each lin-
eage-specific program (Fig. 5D).

The reconstructed network reveals also the RAR isotype-selec-
tive induction of endodermal or neuronal fates. Indeed, the RARA-
specific agonist BMS753 fully recapitulates the neurogenic RA-re-
sponse of P19 in both common and P19-specific gene regulatory
programs, while only a minor fraction of this program is regulated
in F9 (Fig. SE,F; Supplemental File S1). Similarly, the RARG-specific
BMS961 activates endodermal programming as RA in F9 but re-
mains as ineffective in P19 as the RARB-agonist BMS641 in both
cell fate programs. Further reduction by applying topological crite-
ria generated a network (80 nodes, 626 edges) (Supplemental Fig.
S17) with major nodes distributed in four subnetworks: two impli-
cated in cell differentiation (pluripotency, HOX factors) and two
neuronal/endodermal regulatory programs.
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In summary, the reconstructed GRN reconstitutes a scenario
in which cascades of TF-driven common and specific regulatory
programs are responsible for acquisition of endodermal and neuro-
nal fates. Thus, cell fate specification is predefined by a given cel-
lular context even when the same chemical trigger is used for
program initiation.

Identification of “master regulators” from a hierarchical
analysis of the GRN

The reconstructed GRN for neuronal/endodermal fates reveals
common and cell fate-specific factors, which instruct the two
RA-induced differentiation programs. The neurogenic GRN con-
tains several known neuronal TFs, but the majority of these are ac-
tivated late. To identify early key TFs (“master regulators”) critical
for cell fate commitment, we simulated the capacity of each of the
1087 nodes of the P19-specific program to propagate the transcrip-

tional regulatory cascade toward the latest time point, correspond-
ing to the ultimate biological readout (Fig. 6A; Supplemental Fig.
$13). This analysis predicted less than 75 nodes as master regula-
tors of the neurogenic program (Fig. 6B; Supplemental Fig. $13).
Among them, several known neuronal TFs, like NEURODI,
NEUROG2, POU3F2, or MYT1L, reconstitute <20% of the P19 pro-
gram, while other “early” factors, like ASCL1 (Huang et al. 2012,
2015), NR2F2 (Zhou et al. 2015), or NR4A2 (Park et al. 2006) recon-
stitute >60% (Fig. 6B). Importantly, this analysis identified addi-
tional TFs (e.g., GBX2, TAL2, TSHZ1, DMRT1, LHX2) with the
capacity to reconstitute >50% of the P19-specific program.
Moreover, the reconstructed GRN revealed direct and indirect links
between many of these factors and connection to the neuronal fac-
tors ASCL1, NEUROG1, NEUROG2, and/or POU3F2 (Fig. 6C).

To evaluate the relevance of predicted TF-TG relationships,
we used the CRISPR/dCas9 transcription activation strategy to in-
duce expression of endogenous factors (Konermann et al. 2015).
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Specifically, we used guide RNAs to target the Tal2, Gbx2, Lhx2, or
Dmrt] promoters for VP64-mediated transcription activation. To
study if the common regulatory program is required for efficient
cell fate specification, we performed the activation assays in the
presence or absence of the RARG-specific agonist BMS961. This li-
gand does not induce neuronal differentiation of P19 cells
(Supplemental Fig. S9) but activates components of the common
program. Tal2 activation (>200-fold in the presence of BMS961) re-
sulted in induced mRNA expression of Gbx2 (greater than seven-
fold), Lhx2 (>3.5-fold), and of the neuronal factors Pou3f2,
Neurog2, and Neurogl (>3.5-fold). Similarly, Gbx2, Lhx2, or Dmrt1
activation resulted in increased expression of known neuronal fac-
tors (Supplemental Fig. S14). The BMS961-enhanced response of
most neuronal factors supported our hypothesis that the common
program is required for/supports the fate-selective programs. In all
cases, the engineered activation of these factors (Tal2, Gbx2, Lhx2,
or Dmrt1) induced the response of the above neuronal markers and
led to a positive immunostaining for the neuronal markers TUBB3
and MAP2 (Fig. 6D).

Toultimately demonstrate the potential of the identified neu-
rogenic key factors to impose a neurogenic fate onto a differently
committed cell, we used the CRISPR/dCas9 (D10/N863A) strategy
to induce in F9 cells the expression of known neurogenic TFs and
master regulators predicted by our transcription propagation ap-
proach. As illustrated in Supplemental Figure S15A, inefficient
CRISPR/dCas9 (D10/N863A)-mediated activation of neuronal
factors in F9 cells was observed in the absence of retinoids. We
therefore hypothesized that the activation of the common gene
program is required for efficient CRISPR/dCas9 (D10/N863A)-
mediated induction of these factors in F9 cells. Indeed, exposing
CRISPR/dCas9 (D10/N863A)-transfected cells to ATRA (Supple-
mental Fig. S15A) or RAR subtype-specific agonists (Supplemental
Fig. S16A) resulted in dramatically increased expression of the
neurogenic factors. This is also supported by the presence (ATRA,
BMS753) and absence (EtOH) of morphological changes in
CRISPR/dCas9 (D10/N863A)-transfected cells (Supplemental Fig.
S15B). Together, this suggested that activation of a subset of the
RA-induced program(s) is required for optimal CRISPR/dCas9
(D10/N863A)-mediated transcription activation, possibly due to
modulation of promoter accessibility. Using this combinatorial
approach, induction of neurogenesis-specific genes was seen
upon CRISPR/dCas9 (D10/N863A)-mediated activation of cognate
genes for both known neurogenic factors (ASCL1, NEUROG2,
POU3F2, MYT1L, OLIG2) (Supplemental Fig. S16A) and the new
ones predicted in the present study (TAL2, LHX2, DMRT1) (Sup-
plemental Fig. S16B). In all cases, F9 neuronal transdifferentiation
was confirmed by immunostaining for TUBB3, SOX1, Nestin,
and MAP2 (Fig. 6E). Together, these results demonstrated that
the use of signal propagation models from reconstructed GRNs
identifies novel (and confirms known) key TFs involved in cell
fate acquisition.

The EC GRNEs are relevant for mouse embryonic stem cell
differentiation

To explore the relevance of our observations and networks for
RA-driven mouse ESC differentiation, we have analyzed publicly
available temporal studies (GSE30176 [Lin et al. 2011];
GSE34279 [Gaertner et al. 2012]). Reconstruction of its dynamic
regulatory map resulted in 14 coexpression paths (Fig. 7A). The
integration of the CellNet TF-TG collection predicted several

self-renewal TFs enriched in the most down-regulated group of
genes, as well as factors like OTX2, GBX2, TSHZ1, or DMRT1,
identified here as relevant components of the RA-induced neuro-
nal differentiation. Other coexpression paths are also enriched
for components identified in the P19 model, revealing major
similarities.

Comparing RA-regulated genes in mouse ES and EC cells re-
vealed that >75% of these genes are commonly up-regulated in
ES and P19 cells; about half of those are also induced in F9 cells
(Fig. 7B,C). Similarly, >65% of the genes repressed in ES are also re-
pressed in P19 cells, again supporting a similar response to RA (Fig.
7B; Supplemental Fig. S18). Despite these similarities, each of the
systems contained sets of additional DEGs. GO analysis for each
of the observed sets of common P19 and ES up-regulated genes re-
trieved neuronal fate-related terms, while up-regulated genes
shared by all three systems were specifically enriched for RA meta-
bolic processes (Fig. 7D).

Unexpectedly, the transcriptional response of ES cells con-
tributed significantly to both the common and the specific (P19/
neuronal; F9 endodermal) gene regulatory programs (GRPs) (Fig.
7E,F), corroborating earlier reports of nonhomogeneous RA-in-
duced differentiation of mouse ES cells (Sartore et al. 2011).
Indeed, improved differentiation protocols involve complex cock-
tails of factors to increase the yield and purity of neuronal precur-
sors (Ying et al. 2003; Abranches et al. 2009).

Discussion

Cell fate transitions are fundamental for the genesis of multicellu-
lar organisms, and aberrations from this body plan can generate
pathologies. One such process is neurogenesis, a highly complex
phenomenon that involves a plethora of instructive signals, in-
cluding cell-to-cell communication and extrinsic chemical signals,
which during organogenesis generate regionally organized cells
with diverse functionality.

Interestingly, the blueprint of neurogenesis, which includes
the principal architecture of the brain, is already encoded within
neuronal stem cells. Indeed, 3D cultures of cerebral organoids
have been developed from ES or iPS cells (Lancaster et al. 2013).
Notably, neurogenesis occurs also in the adult mammalian brain
(Eriksson et al. 1998; Ming and Song 2011), and the plasticity of
cell fates in adult tissues prompted critical reflection about con-
cepts of stemness, cell differentiation, and regeneration (Sanchez
Alvarado and Yamanaka 2014). However, while some key TFs
can be sufficient for cell reprogramming (Weintraub et al. 1989;
Zhou et al. 2008; leda et al. 2010; Sekiya and Suzuki 2011), our
knowledge about the temporal evolution and regulation of gene
networks, which specify cell fates and plasticity, has remained
fragmentary. Therefore, we have initiated a study to define the
temporal regulation of gene programs that are initiated by a single
compound, the morphogen all-trans retinoic acid, in P19 cells,
which are committed to undergo neuronal differentiation. The in-
volvement of RA in the developing nervous system and the adult
brain, including its role in regeneration, is well-documented
(Vergara et al. 2005). We have compared these programs with
those responsible for RA-induced endodermal differentiation of
F9 cells (Mendoza-Parra et al. 2011) and defined common and
cell-specific programs, as well as subnetworks initiated by
nodes critical for lineage identity. The results of this analysis
were used to instruct cells adapting a neuronal fate by a combina-
tion of subtype-specific retinoids and CRISPR/dCas-mediated acti-
vation of endogenous genes.
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Figure 7. Relevance of theinferred GRP in EC cells in comparison to the mouse ES model system. (A) Dynamic regulatory map reconstructed from publicly
available temporal transcriptome data of RA-treated mES cells. (B) Venn diagramillustrating the number of DEGs shared with either P19 or F9 cells during the
RA-induced program (all time points included). (C) Temporal mRNA gene expression levels (heat map; induced genes) associated with each of the cell model
systems and displayed based on the classification in B (for repressed genes, see Supplemental Fig. S18). (D) GO analysis of induced genes displayed in B. (E)
Genes expressed in mouse ES cells after 48 h of RA treatment revealing common and F9-/P19-specific programs and color-coded according to their expres-
sion levels relative to the noninduced state. Genes composing all three GRPs are regulated in ES cells, despite the expected neuronal cell fate commitment. (F)
Fraction of reconstituted GRPs in all three cell systems (after 48 h of RA treatment). Note that in mouse ES cells, both the P19- and F9-specific programs are
induced at a level of ~40%,; this contrasts with the much more specific neuronal and endodermal programs in P19 or F9 cells, respectively.

RA induces modular gene programs in committed EC cells to the common program. The specific programs can be activated

by RARA (neuronal) and RARG (endodermal)-selective retinoids
A comparison of RA-induced neuronal and endodermal GRNSs re- (Alvarez et al. 2014), which both activate the common program
vealed common, endodermal-, and neuronal-specific programs; (Fig. SE). Given that RA regulates multiple embryonic (e.g., limb

most of the well-known RA-targets (e.g., Rarb, Hox genes) belong development) and cell physiological (e.g., differentiation,
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apoptosis) phenomena in different compartments (e.g., hemato-
poietic system, skin) at different developmental stages (e.g., em-
bryogenesis, organogenesis, adult homeostasis), the overall RA-
program is likely composed of common and specific modules.
Thus, genes supporting stemness (Sox2, Nanog, Myc) are common-
ly repressed in both EC cell lines, as ditferentiated cells lose pluri-
potency. The coordinately regulated Hox genes may provide
spatiotemporal information to the neuronal and endodermal
progeny; for example, the self-organizing capacity observed for
ES/iPS cell-derived cerebral organoids (Lancaster et al. 2013) may
be linked to the ability of Hox genes to define the body plan.

We noted that the common program does not operate in iso-
lation, as it enables CRISPR-activated key genes (Fig. 6D) to induce
neuronal differentiation. This indicates intimate links between
the cell fate-specific and common programs, which may be of
importance for identifying conditions that support/improve the
efficiency/functionality of engineered ES/iPS cells for regenerative
purposes. It is likely that similar scenarios exist for other nuclear
receptors/TFs with similar pleiotropic action as retinoid receptors.
It would be interesting to compare in this respect the common and
specific gene programs induced by retinoids and vitamin D during
hematopoiesis.

The molecular origin of the divergent cell-specific gene
programs in P19 and F9 cells remains elusive. While it is clear
that different RAR isotypes trigger neurogenic (P19, RARA) and en-
dodermal (F9, RARG) differentiation, we have so far not been able
to identify RAR subtype-selective pioneer principles (Zaret and
Carroll 2011). Thus, it is unlikely that an RAR subtype-specific
gene-regulatory eventdrives lineage specification; rather, it appears
that P19 and F9 cells are already committed. This is supported by
the differential epigenetic makeup of P19- and F9-specific genes.
In general, activated P19-specific genes lose repressive H3K27me3
marks (with or without gaining H3K4me3 marks) in P19 but not
in F9 cells, and vice versa (see Supplemental Fig. S6). Genes that
became repressed in one EC cell line showed generally increased
levels of H3K27me3 with or without loss of H3K4me3; no such ef-
fect was seen in the other EC cell line. However, genes of the com-
mon program showed similar epigenetic changes, irrespective of
the epigenetic status of genes from the neuronal-/endodermal-spe-
cific program.

Notably, the commitment of P19 and F9 cells to their respec-
tive lineage was not irreversible, as we could transdifferentiate F9
cells into neurons by activating the common RA-induced program
together with the CRISPR/Cas9-mediated induction of endoge-
nous F9 genes that were identified as master regulators of the neu-
ronal program using our novel signal propagation approach (Fig.
6). Notably, activation of the common program was requisite for
transdifferentiation.

The RA-regulated programs of ES and EC cells share common
and divergent features

A comparative analysis of the gene programs initiated by RA in
P19, F9, and ES cells (Lin et al. 2011; Gaertner et al. 2012) yielded
the initially surprising result that the ES program was a composite
of both EC cells rather than a mimic of the neurogenic P19 pro-
gram (Supplemental Fig. S17). However, this result reflects that
(1) only a fraction of ES cells develop into neurons, (2) sophisticat-
ed ES culture conditions are required for efficient differentiation in
vitro (Studer 2014), and (3) exogenous RA addresses simultane-
ously all accessible developmental programs in ES cells, including

endodermal ones, thus justifying our choice of committed P19
cells for defining the neurogenic GRN.

A novel in vitro signal propagation approach
to identify master regulators

Validation of the RA-dependent neuronal GRN in P19 revealed un-
expected results. For example, inactivation of the early induced
Tal2 had no obvious consequences on neurogenesis (Fig. 3G),
while inactivation of the similarly expressed Gbx2 strongly
impaired neurogenesis. However, even though not required,
CRISPR-mediated activation of endogenous Tal2 was sufficient
to drive neurogenesis (together with the common program), as
did the activation of Gbx2 (see Fig. 6E). Thus, the program is com-
posed of both necessary and sufficient actors, including significant
functional redundancy.

One of the questions that derives from the present definition
of the neuronal network refers to its plasticity in supporting
transdifferentiation. Fibroblasts can be converted to electrophysi-
ologically responsive, marker-positive neurons by exogenously ex-
pressed ASCL1, POU3F2, and MYTIL (Wapinski et al. 2013);
similar results were obtained by overexpressing two neurogenins
in human iPS cells (Busskamp et al. 2014). All these factors are ac-
tivated rather late in the RA-induced GRN following complex reg-
ulatory events (Fig. 6C). This suggests two scenarios: (1) either the
complex history of temporally organized gene regulatory events is
necessary, as it generates a spatiotemporal “memory” for the devel-
opment, functional specification, and structural organization of
all the cells that constitute a functional CNS, and the transdifferen-
tiation experiments reveal only a testable fraction of this scenario;
or (2) the cellular plasticity allows for virtually any cell fate conver-
sion given the correct set of conditions and factors is provided (see
also Sanchez Alvarado and Yamanaka 2014). Validating these sce-
narios experimentally requires blueprints of the developmental
programs driving differentiation of CNS compartments and cell
types in vivo and an assessment of how this program can be reca-
pitulated in the structures of cerebral organoids.

The value of reconstructing networks

We demonstrate here that by reconstructing the cellular network
corresponding to induced cell fate transitions, it is possible to infer
relevant factors, their interdependency, and hierarchical position.
Particularly useful was the approach to validate nodes and connec-
tivities that were imported from heterologous settings by monitor-
ing their temporal coherence with the current expression data and
confirming the functional relevance of predicted key factors by
CRISPR-based approaches. By evaluating the potential of a factor
to generate the final nodes of the network, we identified several
known (e.g., NR4A2, ASCL1, NR2F2) and novel (TAL2, GBX2,
LHX2, DMRT1) key factors involved in retinoid-induced neuro-
genesis (see Fig. 6B). Note that identification of DMRT1 as a poten-
tial neuronal differentiation factor previously involved enormous
transcriptome profiling efforts (Yamamizu et al. 2013).

Modeling temporal signal propagation in reconstructed
GRNE is a general approach to reveal transcriptional interconnec-
tion and identify master regulators in any system. Indeed, for val-
idating the corresponding Cytoscape plugin, we applied it to
diverse phenomena, including differentiation, reprogramming,
and tumorigenesis, supporting its general utility (MA Mendoza-
Parra, PE Cholley, ] Moehlin, M Lieb, and H Gronemeyer,
unpubl.). We thus believe that the comprehensive approach de-
scribed here is not limited to understanding the molecular circuits
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underlying physiological and, when altered, pathological cell fate
transition. It provides, moreover, a comprehensive way to monitor
the ability of stem, reprogrammed, or transdifferentiated cells to
properly adopt a desired cell fate.

Methods

Cell culture

F9 cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal calf serum (FCS) and 4.5
g/L glucose; P19 cells were grown in DMEM supplemented with
1 g/L glucose, 5% FCS, and 5% delipidated FCS. Both media con-
tained 40 pg/mL Gentamicin. F9 or P19 EC cells were cultured in
monolayer on gelatin-coated culture plates (0.1%). For cell differ-
entiation assays, RA was added to plates to a final concentration
of 1 uM for different exposure times. For treatment with RAR
subtype-specific agonists, cells were incubated with BMS961
(RARG-specific; 0.1 pM), BMS753 (RARA-specific; 1 pM), and/or
BMS641 (RARB-specific; 0.1 pM).

RT-qPCR and transcriptomics

Total RNA was extracted from EC cells treated with either RA or
RAR-specific agonists, using the GenElute Mammalian Total RNA
Miniprep kit (Sigma). Two micrograms of the extracted RNA
were used for reverse transcription (AMV-RTase, Roche; Oligo
[dT], New England Biolabs; 1 h at 42°C and 10 min at 94°C).
Transcribed cDNA was diluted 10-fold and used for real-time quan-
titative PCR (Roche LC480) (primers, Supplemental Methods).

For transcriptomics analysis, AffymetrixGeneChip Mouse
Gene 1.0 ST arrays were used (Supplemental Methods). For com-
paring transcriptomes, we normalized all raw CELL files with the
Affymetrix software Expression Console.

Chromatin immunoprecipitation assays

ChIP assays were performed according to standard procedures
(Supplemental Methods). All ChIP and FAIRE assays were validated
using positive and negative controls. ChIP validation assays
were performed by quantitative real-time PCR using the Qiagen
Quantitect Kkit.

Massive parallel sequencing and quality control

qPCR-validated ChIPs were quantified (Qubit dsDNA HS Kkit;
Invitrogen); multiplexed sequencing libraries were prepared from
10 ng of the ChIPed material (Supplemental Methods).

Sequence-aligned files were qualified for enrichment using
the NGS-QC Generator (Mendoza-Parra et al. 2013b). Briefly, this
methodology computes enrichment quality descriptors discre-
tized in a scale ranging from “AAA” (Best) to “DDD” (worst).
Based on this quantitative method, all ChIP-seq and FAIRE data
sets described in this study presented quality grades higher than
“CCC"; integrative studies were thus performed exclusively with
high-quality data sets.

Enrichment pattern detection and intensity profile
normalization

Relevant binding sites in all ChIP-seq and FAIRE-seq data sets were
identified with MeDiChlISeq (Mendoza-Parra et al. 2013a); multi-
profile comparisons were done after quantile normalization
(Supplemental Methods; Mendoza-Parra et al. 2012).

Dynamic regulatory maps and RA-driven GRN reconstruction

We reconstructed GRNs by combining several layers of informa-
tion. First, we identified direct TGs as those containing (1) a prox-
imal RXRA and FAIRE enrichment event (<10 kb distance), and (2)
responding to both RA and the corresponding BMS-specific ago-
nist. Downstream regulatory processes were reconstructed by inte-
grating the TF-TG collection of CellNet (Cahan et al. 2014; Kim
and Scholer 2014) in the RA-regulated EC GRPs deduced by
DREM (Supplemental Methods).

The integration in Cytoscape (version 2.8) of the RXRA-direct
targets per cell type with the downstream regulatory networks
assessed from the DREM/CellNet approach generated a GRN
composed of 2981 nodes and 44,931 edges, organized in common
or EC-specific regulated programs. GRN complexity was reduced
by applying topological metrics (Yu et al. 2007; Chin et al.
2014). The ultimate reduced GRN was composed of 80 nodes
and 626 edges, with a ranking color code (heat map) displaying
the hub importance metrics (Supplemental Fig. S17). The organi-
zation of reduced GRN and its visualization were performed with
the Cytoscape package Cerebral (Supplemental File S1; Barsky
et al. 2007).

Modeling signal transduction progression
in reconstructed GRNs

To validate the relevance of the TE-TGs relationships composing
the reconstructed F9/P19 GRN, we developed a computational
framework for modeling signal propagation within the network.
It takes as initial information: (1) the topology of the reconstructed
network in which the TF-TG directionality is essential; (2) the tem-
poral transcriptional information associated with each of the
nodes composing the network; and (3) the node from which the
signal transduction is initiated, (starting node) to follow the tem-
poral evolution of signal(s) until the ultimate time points of the
experimental data set (final nodes). In this context, the signal
propagation model evaluates in the first round the transcriptional
response at the first time point (e.g., 2 h of RA treatment) of the
TGs associated with the starting node. In the second round, the
model defines starting nodes, initially defined by the user as well
as those with a differential transcriptional behavior in the first
round. In this manner, the second round evaluates the intercon-
nections (edges) between the newly defined starting nodes and
their corresponding targets by evaluating their transcriptional
behavior at the second time point (e.g., 6 h of RA treatment).
Such analysis over all available transcriptional time points reveals
the coherence between the TF-TGs relationships and the temporal
transcriptional information. Finally, the number of retrieved
nodes at the end of the signal transduction model is compared
with the expected user-provided list of final nodes. The signal
propagation was performed multiple times using a randomized
network as a control.

The GRN reduction (Fig. 5), the prediction of factors driving
the neuronal program (Fig. 6), as well as the evaluation
over mouse ES data sets (Fig. 7) have been performed using an
in-house R script (Supplemental File S2); a Cytoscape plugin is in
preparation.

Targeted gene knockouts with the CRISPR /Cas? system

Cells were transfected with pairs of double-nickase plasmids en-
coding the Cas9D10A mutation and a 20-nt guide RNA (Santa
Cruz Biotech). Single cell-derived cultures were treated with
ATRA, and loss-of-expression from the targeted genes was validat-
ed by qPCR relative to control cultures (Supplemental Methods).
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CRISPR /dCas? (DIO/N863A) transcriptional activation
and immunohistochemical staining

EC cells were transfected with CRISPR/dCas9 (D10/N863A) activa-
tion plasmids (Santa Cruz Biotech) using lipofection and treated
with ATRA, RAR-specific agonists, or ethanol, complemented
with antibiotics. Six days later, cells were fixed, permeabilized,
and immunostained as specified (Supplemental Methods).

Data access

Affymetrix microarrays and Illumina platform ChIP-seq and
FAIRE-seq data described in this study have been submitted to
the NCBI Gene Expression Omnibus (GEO; http://www.ncbi.nlm
.nih.gov/geo/) under accession number GSE68291.
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